A novel bacteriophage defense system, based on an inducible suicide gene, was challenged with a lactococcal bacteriophage to investigate the potential for phage adaptation. The defense system was encoded by pTRK414H, a high-copy-number replicon encoding a tightly regulated 31p trigger promoter fused to the lethal LlaIR ؉ restriction endonuclease cassette. Repeated transfers of Lactococcus lactis NCK690(pTRK414H) in the presence of 31 selected for phage 31 derivatives which were markedly less sensitive to 31p-LlaIR ؉ -encoded restriction than the parental phage, 31. The efficiency of plaquing (EOP) on L. lactis NCK690(pTRK414H) was 10 ؊4 for 31 versus 0.4 for the derived phages. The mutant phages remained fully sensitive to LlaIR ؉ restriction, suggesting an alteration in the recognition or firing of the 31p promoter. Sequencing over the promoter region in four mutant phages revealed the identical C-to-A transversion, generating a Phe-to-Leu substitution, in a transcriptional activator of the 31p promoter, designated ORF2. The mutant phages were analyzed for their ability to induce the native 31p promoter element fused to a lacZ.st reporter gene. Compared to the parental phage, 31, lower levels of ␤-galactosidase activity were induced throughout the lytic cycle, indicating that the strength at which the mutant phages activated the 31p promoter was altered. Based on these observations, improvements were made in promoter strength and restriction activity in an attempt to elevate the effectiveness of the phage-triggered suicide system. When the 31p-LlaIR ؉ cassette was paired with other abortive defense systems, Per31 and AbiA, the EOP of 31 was reduced to <10
Bacteriophage infection of Lactococcus species used commercially as starter cultures in dairy food fermentation is a serious problem worldwide, particularly for highly valuable strains used extensively in the industry. Development of phage resistance in specialized lactococci remains a priority in strain development programs. Traditionally, bacteriophage problems have been approached with varying degrees of success by isolating phage-resistant mutants, which are often altered in their fermentative capacities or have short-lived phage resistance. More recently, natural bacteriophage defenses, characterized in prototype phage-insensitive strains of lactococci, have been genetically directed into bioprocessing strains and used in starter culture formulations (6, 31) . Many of these naturally occurring phage resistance mechanisms are plasmid encoded and can be classified into four categories: (i) interference with phage adsorption, (ii) restriction and modification (R/M) systems, (iii) abortive phage infection (Abi), and (iv) prevention of phage DNA injection (6, 8, 15, 17, 21) .
Abortive infection defenses are among the best-characterized naturally encoded phage resistance mechanisms. Ten genes that confer an Abi phenotype in Lactococcus lactis have been cloned and sequenced. The exact mode of action of any of these genes is not known in detail, except for the protein product of abiB, which promotes rapid degradation of phage transcripts starting 10 to 15 min following infection (28) . For a number of Abi systems, including AbiA (19) , phage DNA replication is retarded. Involvement of phage-encoded factors in sensitivity to Abi-mediated cell defenses has also been reported recently (2, 9) . The variety of abortive defenses and the involvement of both phage-and cell-encoded elements illustrate the importance and complexity of this natural phage defense mechanism.
In addition to naturally encoded phage defenses, several phage-encoded resistance (Per) mechanisms have been cloned and characterized. The per31 system is based on the origin of replication from phage 31 which, when cloned on a multicopy plasmid within the host cell, serves as a false target for phage replication factors and thereby competes with replication of infecting phage DNA (23) . The per31 defense was successfully used in combination with several R/M systems and abortive defenses in an isogenic starter culture rotation system that is designed to present evolving phages with a varying group of defenses (13, 33) .
Recently, we have developed a novel bacteriophage protection system for L. lactis (11) . The system was designed as a genetically engineered form of abortive infection, where a bacteriophage-inducible promoter is used to trigger the expression of a bacterial suicide system and simultaneously kill the host and infecting phage in a process that mimics programmed cell death. The lethal gene consists of the three-gene restriction cassette (LlaIR ϩ ) from the LlaI R/M system (25) . Previously, the LlaIR ϩ cassette was subcloned away from its corresponding methylase into several shuttle vectors, downstream from a constitutive Lactobacillus promoter, P6 (10), which is functional in both gram-positive and gram-negative bacteria (12) . With a constitutive promoter, the LlaIR ϩ restriction cassette could not be transformed in gram-positive bacteria without first inactivating one of the three essential llaI genes. A middle, phage-inducible promoter (31p) from the P335 species lactococcal bacteriophage 31 (27) was isolated as a 239-bp sub-fragment containing two tandem transcription sites. The promoter, which is inducible only after phage infection (36, 37) , was placed upstream of the LlaIR ϩ lethal cassette on the high-copy-number plasmid pTRK414H. When a broth culture of L. lactis NCK690(pTRK414H) is infected with 10 7 PFU/ml at a multiplicity of infection (MOI) of 0.1, no lysis is observed and the culture develops normally (11) . In plaque assays, the efficiency of plaquing (EOP) for 31 on L. lactis NCK690(pTRK414H) was lowered to 10 Ϫ4 . The plaques are small and aberrant in size and contain phages that remain sensitive to LlaIR ϩ restriction. In this study, we isolated and characterized phage derivatives that could be enriched from L. lactis cultures harboring the 31p-LlaIR ϩ cassette. The appearance of phages altered in their capacity to fire the suicide cassette prompted efforts to improve the effectiveness of the system by modifying promoter strength, increasing restriction levels, and combining the suicide cassette with other abortive-type defenses.
MATERIALS AND METHODS
Bacteria, phages, plasmids, and culture conditions. Table 1 describes the strains, phages, and plasmids used in this study. Escherichia coli cultures were propagated at 37°C in Luria-Bertani broth (5) or brain heart infusion (Difco Laboratories, Detroit, Mich.) agar (1.5% granulated agar; BBL Microbiology Systems, Cockeysville, Md.). When appropriate, erythromycin was used at 100 g/ml in Luria-Bertani broth or 200 g/ml in brain heart infusion agar. L. lactis cultures were propagated at 30°C in M17 broth (Difco) with 0.5% glucose (GM17). Agar plates (1.5% granulated agar) were prepared from GM17 broth. Erythromycin (2.5 g/ml) and chloramphenicol (3.0 g/ml) were used for selection in L. lactis, where appropriate. Bacteriophage plaque assays were conducted as previously described (34) .
Isolation of phage 31 derivatives. Phage 31 was plaqued on L. lactis NCK690. Four single plaques were purified, and four individual phage 31 lysates were prepared from those plaques. Four L. lactis NCK690(pTRK414H) cultures (10 ml) were individually infected with one of the four 31 lysates at MOIs of 0.1. Six hours after infection, 1-ml samples were removed from each of the four infected cultures and centrifuged. Phages in the supernatants were plaqued on three different hosts and characterized (see Results [isolation of the 31p-LlaIR ϩ -resistant phages]). ␤-Galactosidase measurements. ␤-Galactosidase measurements (lacZ assays) were performed as previously described (27) . ␤-Galactosidase units were expressed per optical density at 600 nm (OD 600 ) of the culture. All measurements reported are averaged from three replicas.
Plasmid and phage DNA isolation and molecular cloning. Rapid isolation of E. coli plasmid DNA was accomplished by the alkaline lysis method described by Birnboim and Doly (3) . Large-scale isolation of E. coli plasmid DNA was accomplished by using a plasmid kit (Qiagen, Inc., Chatsworth, Calif.) following the manufacturer's instructions. Isolation of plasmid DNA from lactococci was performed by the alkaline lysis protocol described by Bojovic et al. (4) . Phage DNA was isolated by the large-scale protocol described by Raya et al. (29) . Standard techniques were used for restriction endonuclease digestions, dephosphorylations, and ligations involving bacterial DNA (30) . Ligations involving phage DNA were performed as described by Sambrook et al. (30) with the following modifications: phage DNA fragments were heated at 65°C for 15 min before adding vector DNA, and the ligation mixture was heated at 65°C for an additional 10 min, and then slowly cooled to 30°C before adding ligation buffer and T4 ligase. All DNA for cloning was first purified in SeaKem GTG agarose (FMC BioProducts, Rockland, Maine) and extracted with the QIAEX DNA extraction kit (Qiagen) following the manufacturer's instructions.
PCR and sequence determination. PCR amplifications were carried out by using Taq DNA polymerase (Boehringer Mannheim Biochemicals, Indianapolis, 
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Ind.) as described by the manufacturer with an Ericomp (San Diego, Calif.) thermal cycler. Suitable restriction sites were incorporated into the 5Ј ends of synthetic oligonucleotide primers, at least 4 bases from the end, when PCRgenerated products were used for cloning. Nucleotide sequence information on mutant phages was obtained from direct PCR sequencing of phage DNA, using the f-mol PCR DNA sequencing system (Promega, Madison, Wis.) according to the manufacturer's instructions. Several synthetic oligonucleotide primers were designed from the 888-bp 31 sequence encoded on pTRK391 (bases 67 to 87, 215 to 237, 342 to 364, 393 to 414, 537 to 559, and 585 to 607) (27) . These primers were 5Ј end labelled with [␥ 32 P]ATP and used in sequencing reactions. Bacterial transformation. RbCl-competent E. coli MC1061 cells were prepared as described by Hanahan (16) with the following modifications (Rob Hallewell, Chiron Corp.): 100 ml of cells (OD 600 ϭ 0.4) was pelleted and resuspended in 30 ml of buffer I (30 mM potassium acetate, 50 mM MnCl 2 , 100 mM RbCl, 10 mM CaCl 2 , 15% [wt/vol] glycerol [pH 5.8]). Cells were incubated on ice for 2 h, pelleted again, and resuspended in 4 ml of buffer II (10 mM NaMOPS [pH 7.0], 75 mM CaCl 2 , 10 mM RbCl, 15% glycerol). Cells were frozen at Ϫ70°C in 0.1-ml aliquots. Transformation was performed as described previously for CaCl 2 -competent cells (30) . L. lactis cells were electrotransformed as described by Djordjevic and Klaenhammer (12) .
RESULTS

Isolation of the 31p-LlaIR
؉ -resistant phages. When broth cultures of L. lactis NCK690(pTRK414H) were challenged with 10 5 to 10 7 PFU/ml of phage 31 at MOIs ranging from 0.001 to 0.1, no lysis was observed and cultures developed normally. However, the phage population increased over the course of the growth cycle (Fig. 1B) . The phages developing on NCK690(pTRK414H) were evaluated for their sensitivity to restriction by the 31p-LlaIR ϩ cassette and by the LlaI R/M system, expressed from its native promoter. Six hours after infection 1-ml samples were removed and centrifuged and the supernatant was plaqued on NCK690 (
, and NCK690(pTRK370) (R ϩ /M ϩ ). Table 2 shows that the phage populations developing in the initial broth culture were still restricted by LlaI and 31p-LlaIR ϩ at the expected levels of approximately 10 Ϫ5 . Several plaques recovered from L. lactis NCK690, L. lactis NCK690(pTRK414H), and L. lactis NCK690(pTRK370) cell lawns were resuspended in 2 ml of GM17 and then plaqued again on these three hosts (Table 3) . Modified phages, first passed through NCK690(pTRK370) (R ϩ /M ϩ ), were still fully restricted by 31p-LlaIR ϩ encoded on pTRK414H. Therefore, methylation of incoming phage 31 failed to improve their survival against the triggered suicide cassette. However, phages recovered from plaques in the cell lawn of NCK690 (pTRK414H) were markedly less sensitive to 31p-LlaIR ϩ . In a second round of plaquing on NCK690(pTRK414H), they formed small aberrant plaques at an EOP of 0.4. The same phage suspension, however, continued to plaque on NCK690 (pTRK370) (R ϩ /M ϩ ) at an EOP of 8.0 ϫ 10
Ϫ5
, indicating that they remained fully sensitive to LlaI restriction.
The combined results indicated that the phages, enriched on NCK690(pTRK414H), were fully sensitive to LlaI restriction but markedly more resistant to the triggered restriction system. Four independent plaque assays were conducted on cell lawns of NCK690(pTRK414H) to isolate and purify four phage 31 derivatives from pure plaques. The 31 derivatives were designated 31.9, 31.10, 31.11, and 31.12.
Characterization of the 31p-LlaIR ؉ -resistant phages. Since the major difference between the pTRK414H-and pTRK370-encoded LlaI restrictions was the promoter driving the LlaIR ϩ cassette, we investigated the ability of the derivative phages to induce the 31p promoter. The high-copy-number plasmid pTRK477, encoding the 31p promoter transcriptionally fused to lacZ.st, the ␤-galactosidase gene of Streptococcus thermophilus (32), was introduced into L. lactis NCK690. Infection of NCK690(pTRK477) with each of the 31-derived phages induced lower levels of ␤-galactosidase activity than did the parent phage, 31 (Fig. 2) . These results showed that each of the four 31-derived phages fired the 31p promoter with less strength than did the parental phage, 31.
The genomic region of phage 31 encoding the 31p promoter contains an open reading frame, designated ORF2 (27) , which acts as the transcriptional activator of 31p (36, 37) . Sequencing over this region in all four phages revealed identical C-to-A transversions, resulting in a Phe-to-Leu substitu- tion. The transversion occurred at nucleotide position 644 of the originally cloned 888-bp DNA fragment encoding 31p (27) . The nonconservative Phe-to-Leu amino acid substitution occurred at position 142 (F142L) in ORF2, which encodes a total of 143 amino acids. This substitution is located close to a putative ␣-helix DNA binding motif, encoded between the amino acid positions 108 and 129 in ORF2 (36, 37) . The identical mutations in this transcriptional activator, across four independently isolated phages, strongly suggest that this substitution was responsible for the weakened expression of 31p-LlaIR ϩ by the 31-derived mutant phages.
Expression of the 31p-LlaIR
؉ cassette from a stronger phage-inducible promoter. Through site-directed mutagenesis of 31p, a phage-inducible promoter which is four times stronger than 31p was available from an accompanying study (37) . To evaluate the degree to which improved promoter strength elevated the effectiveness of the triggered suicide cassette, a new LlaIR ϩ cassette was constructed with the improved promoter, 31p4X, on the high-copy-number plasmid pTRK449 (Table 1) . When L. lactis NCK690(pTRK449) was challenged with 31, the EOP was further reduced 2.2-fold over that observed on L. lactis NCK690(pTRK414H). The pinpoint plaques were barely visible. However, the growth of L. lactis NCK690 (pTRK449) was somewhat retarded, even in the absence of phage infection (data not shown). These observations suggest that a low level of constitutive expression of LlaIR ϩ restriction occurred from the 31p4X promoter, slowing the growth of the culture.
Cloning the restriction enhancer llaIC with the 31p-LlaIR ؉ cassette on one replicon. The regulatory protein C LlaI (26) of the LlaI R/M system can elevate the restriction activity of the 31p-LlaIR ϩ suicide system 10-fold when supplied in trans (11) . In this study, we combined C LlaI and 31p-LlaIR ϩ on a single replicon. The llaIC gene, expressed from the LlaI R/M promoter, was PCR amplified from pTRK400 (12) and cloned into FspI-digested pTRK414H. The T7 terminator was PCR amplified from pET28A (Novagen Co., Madison, Wis.) and cloned between llaIC and the 31p promoter on pTRK414H to prevent possible read-through transcription into 31p. The resulting plasmid, pTRK451, is shown in Fig. 3 . When phage 31 was plaqued on L. lactis NCK690(pTRK451), the EOP was 4.5 ϫ 10 Ϫ5 , a fivefold reduction compared to the EOP of 2.2 ϫ 10 Ϫ4 obtained on L. lactis NCK690(pTRK414H). The presence of the llaIC enhancer, encoded on the same replicon as the 31p-LlaIR ϩ cassette, significantly elevated the level of LlaIR ϩ restriction.
Combining the inducible restriction cassette with abortive phage defenses. The abortive phage defenses per31 and abiA, encoded on the high-copy-number plasmids pTRK375 (13, 14) and pTRK406 (9) , limit the EOP of phage 31 to 10 Ϫ6 and 10
Ϫ4
, respectively. Plasmid pTRK451 (31p-LlaIR ϩ llaIC) was combined with pTRK375 (per31) and pTRK406 (abiA) by independently electroporating each plasmid into L. lactis NCK690 (pTRK451). When the titers of phage 31 on L. lactis NCK690 (pTRK375, pTRK451) and on NCK690(pTRK406, pTRK451) were determined, no plaques were detected and the EOP was Ͻ10 Ϫ10 . L. lactis NCK690 harboring pTRK451, or pTRK451 in combination with either pTRK375 or pTRK406, was challenged with 10 6 PFU/ml (MOI ϭ 0.1) of phage 31 in broth culture. Cell growth (OD 600 ) and phage titers (PFU/ml) were monitored for 6 h after infection (Fig. 4) . Alone, pTRK451 allowed proliferation of phage 31, although cell lysis did not occur and the culture developed normally (Fig. 1C) . Phage growth in the presence of pTRK451 was similar to that observed previously with L. lactis harboring pTRK414H (Fig. 1B) . However, when either per31 or abiA was supplied in trans, phage 31 populations were dramatically reduced to below the detectable level of Ͻ10 2 PFU/ml. The results demonstrated that the phage-triggered suicide cassette could be successfully paired with other abortive defenses ( Fig. 4C and D) . 
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DISCUSSION
In this study, we evaluated the capacity for a phage to overcome a bacteriophage protection system which relies on a phage-inducible promoter to trigger a bacterial suicide system intended to destroy both the host and virus after infection. Growing phage 31 on L. lactis NCK690(pTRK414H) selected for mutant phages that plaqued relatively efficiently (EOP ϭ 0.4) on L. lactis harboring the 31p-LlaIR ϩ cassette. These plaques remained fully sensitive to LlaI restriction, since they were fully restricted by LlaI expressed from a constitutive promoter. Further characterization revealed that the mutant phages activated the 31p promoter with timing similar to but at an efficiency lower than those of the parental phage, 31. Therefore, less efficient expression of LlaIR ϩ restriction allowed the mutant phages to better overcome the triggered suicide system and to plaque at relatively high efficiencies (EOP ϭ 0.4).
Sequencing over the promoter regions in four mutant phages revealed identical C-to-A transversions resulting in Phe-to-Leu substitutions in ORF2, a known transcriptional activator of the 31p promoter (36, 37) . Whether this is the only mutation in the new phages is not known. Complementation assays with ORF2 were not performed because, in repeated attempts, we were not able to clone this gene behind a constitutive promoter (37) . Expressing the wild-type ORF2 behind the 31p promoter failed to complement the mutation (data not shown). This was expected, however, because of the lower level at which the mutant phages (carrying ORF2 F142L) induced the 31p-ORF2 fusion. However, since all four phages exhibited identical changes in this transcriptional activator of the 31p promoter, we suspect that the F142L mutation is responsible for the altered induction properties. Interestingly, the mutation was located at the end of the C terminus of ORF2 and close to a putative ␣-helix DNA binding domain, identified previously (36, 37) . DNA binding assays (gel retardation) will be required to determine if binding of ORF2 F142L to the 31p promoter region was altered in the new phages. Alternatively, ORF2 may be one of several protein factors involved in transcriptional regulation and may also interact with other proteins, DNA, or both.
31p is a middle phage promoter, transcribed approximately 20 min following infection (27, 35) . Considering the dynamics of the phage life cycle, some progeny phages escape the 31p-LlaIR ϩ -encoded restriction, which is triggered later during the infection cycle. Indeed, the importance of timing was dramatic, illustrated by the genetic route used by the mutant phages to overcome the suicide cassette. A transcriptional factor was altered to weaken expression of the cassette. Activation of the lethal gene early in the infection cycle, using an earlier phageinducible promoter, could potentially improve the efficiency of the suicide system. It is critical, however, that any early phage trigger promoter be strictly inducible by phage infection and exert no constitutive activity. There is a delicate balance between early gene expression, which in this case is host mediated, and the shift to phage-directed transcription. Efforts to establish triggered defense systems are obviously limited by the timing and strength of phage-specific promoters used in lethal gene cassettes.
Elevating the strength of trigger promoters is an alternative strategy to improve the efficiencies of inducible suicide systems. We expressed the suicide cassette from a promoter (31p4X) that was four times stronger than the original promoter. A further 2.2-fold reduction in the EOP of phage 31 was achieved, but a concomitant decrease in L. lactis cell growth, even in the absence of phage infection, suggested a low level of LlaIR ϩ constitutive expression from 31p4X. In order to optimize the efficiency of the suicide system, therefore, a fine balance must be achieved between the strength of a phageinducible promoter, the tightness of its regulation, and the lethality of the suicide gene selected.
The LlaI restriction endonuclease represents a novel class of restriction enzyme which has characteristics of both type I and type IIS enzymes. In addition, LlaI is the first multisubunit restriction endonuclease described for L. lactis. It is proposed that the cleavage mechanism cuts one strand of double-stranded DNA near the enzyme's recognition site and the other strand at a distal location (25) . These staggered cuts and the potentially time-consuming assembly of the three-component endonuclease could provide opportunities for phages to escape digestion or even repair limited cuts. Using a more efficient lactococcal endonuclease, possibly one of several characterized type II enzymes, might enhance the efficiency of a suicide system designed with a restriction enzyme as the lethal gene product.
When the enhancer protein C LlaI was supplied in trans, the efficiency of the 31p-LlaIR ϩ -based suicide system was increased 10-fold (11) . Cloning of the llaIC gene on the plasmid encoding the suicide cassette resulted in a fivefold increase in the efficiency of the 31p-LlaIR ϩ -based suicide system. The copy number of pTRK451 was two times lower than that of FIG. 3 . pTRK451 encoding the llaIC and 31p-LlaIR ϩ cassette. The llaI.1, llaI.2, and llaI.3 genes encode the restriction activity of the LlaI R/M system. 31p is the 239-bp BamHI-FspI phage DNA fragment from pTRK391 (27) encoding a phage 31-specific middle trigger promoter. llaIC is the regulatory gene and enhancer of the LlaI restriction, expressed from the native promoter of the llaI operon. T7 terminator, transcription terminator isolated from E. coli bacteriophage T7; Ori(pAM␤1), gram-positive replication origin; Ori(p15A), gram-negative replication origin; Em, erythromycin resistance gene; lacZ, ␤-galactosidase gene that allows blue and white selection in ␣-complementing E. coli strains (only flanking 5Ј and 3Ј sequences of the gene are present on pTRK451). Only relevant restriction sites are shown. pTRK400, used to present C LlaI in trans. The difference in copy number correlated directly with the level of LlaI enhancement. Therefore, efforts to elevate restriction activity and promoter strength both improved the effectiveness of the suicide cassette.
The 31p-LlaIR ϩ suicide system was successfully combined with abortive phage defenses per31 and abiA. Pyramiding these defenses dramatically lowered the EOP of 31 to less than 10 Ϫ10 . We have shown previously that an increase in copy number dramatically enhances the efficiency of the suicide system (11) . Consequently, placing the replication origin of phage 31 (23, 27) on the vector encoding the suicide cassette could potentially further improve the efficiency of the suicide system by increasing the copy number of the suicide cassette after phage infection.
In conclusion, phage-triggered expression of the LlaIR ϩ suicide system was effective against phage 31 and several 31-derived recombinant phages, but the system could not eliminate bacteriophages from a culture unless it was combined with other phage defenses. Since phages that escape lethal restriction are not methylated, the suicide system has a potential advantage over R/M-type phage defenses, which can be counteracted by modified phages (14, 20, 22, 23) . Characterization of the mutant bacteriophages, which were less sensitive to the triggered suicide cassette, emphasized the importance of early activation and a strong promoter to the effectiveness of the suicide system. Isolation of phage trigger promoters, especially those that might be activated earlier by a variety of phages, would be a necessary step forward in developing more broadly acting and more efficient phage-triggered suicide defenses for the fermentation industries.
